Abstract. Reductions in bioenergetic fluxes, mitochondrial enzyme activities, and mitochondrial number are observed in Alzheimer's disease (AD). Preclinical work indicates estrogen pathway signaling by either estrogen or selective ␤ estrogen receptor (ER␤) agonists benefits these parameters. To assess whether an ER␤ agonist could improve mitochondrial function in actual AD subjects, we administered S-equol (10 mg twice daily) to 15 women with AD and determined the platelet mitochondria cytochrome oxidase (COX) activity before initiating S-equol (lead-in), after two weeks of S-equol (active treatment), and two weeks after stopping S-equol (wash-out). Because the intra-individual variation of this enzyme across samples taken at different times was unknown we used a nonparametric, single-arm, dichotomous endpoint that classified subjects whose active treatment COX activity exceeded the average of their lead-in and wash-out measures as positive responders. Eleven positive responses were observed (p < 0.06). The implications of this finding on our null hypothesis (that S-equol does not influence platelet mitochondria COX activity) are discussed. To our knowledge, this is the first time a direct mitochondrial target engagement biomarker has been utilized in an AD clinical study.
INTRODUCTION
Interventions to eliminate or slow Alzheimer's disease (AD) cognitive decline and neurodegeneration are urgently needed. Attempts to develop effective interventions currently focus on preventing, reducing, or reversing recognized AD pathologies, for example by limiting the production or accumulation of brain amyloid-␤ protein. Other proposed disease modification targets include mitochondrial and bioenergetic function [1] . In AD subject brains and other tissues, various mitochondria-localized enzymes show reduced activity [2, 3] , and in most neurons intact mitochondria are numerically reduced [4] . Perturbed glucose and oxygen utilization, which could reflect impaired mitochondrial function, are also observed [5, 6] . Estrogen has pro-mitochondrial effects [7] . Estrogen receptor (ER) ␤ may mediate some of these effects [8] . ER␤ is found within mitochondria, and ER␤ activation reportedly stimulates mitochondrial function. ER␤ has also been implicated in mitochondrial biogenesis, the process through which new mitochondria are generated within cells, and which partly determines a cell's mitochondrial mass [9] .
S-equol is an ER␤ agonist produced through the metabolism of an isoflavone component of soy, daidzein, by intestinal bacteria [10] . It was previously shown that S-equol, used in conjunction with daidzein and a third isoflavone, genistein, increased respiratory and maximal glycolysis fluxes in rat hippocampal neurons, as well as cytochrome oxidase (COX) activity and COX1 protein levels in brains from ovariectomized mice [11] . S-equol has already been studied in human subjects to assess its health impact [10, [12] [13] [14] . For these reasons, we considered whether S-equol could potentially improve mitochondrial function in AD patients. To begin to explore this possibility, we conducted a pilot clinical study of S-equol in AD subjects, using a mitochondrial target engagement biomarker to inform our primary outcome measure.
METHODS

Participants
The S-equol in AD (SEAD) study (ClinicalTrials.gov identifier NCT02142777) was approved by the Kansas University Medical Center Human Subjects Committee and informed consent was obtained for all participants. AD subjects were recruited through the University of Kansas Alzheimer's Disease Center (KU ADC). The KU ADC maintains a clinical cohort whose routine characterizations include Clinical Dementia Rating (CDR) scale evaluations, uniform data set (UDS) cognitive testing, and APOE genotyping. The diagnosis of clinic cohort participants is based primarily on CDR and UDS data. Subjects diagnosed with AD further meet current McKhann el al. criteria for that diagnosis [15] .
Study organization
Participants had to be female and have very mild (CDR 0.5) or mild (CDR 1) AD. We enrolled only women because at the time this study was designed, for the specific S-equol formulation we used there was less available male safety data than female safety data. We therefore limited enrollment to women for safety reasons. Each participant was required to have a study partner. As part of the informed consent process, participants and study partners were told during different parts of the study participants would receive either an S-equol or inert placebo capsule. The placebo could not be distinguished from the S-equol by sight, touch, or taste so although the investigators knew what participants were receiving at any given point the participants were blind to the actual treatment. This was, therefore, a single-blind study with cross-overs from placebo to active treatment, and then back to placebo. Ausio Pharmaceuticals, LLC (Cincinnati, OH) provided the S-equol and placebo capsules.
Upon enrolling, subjects received a two-week supply of study medication, which uniformly consisted of placebo, and were instructed to take the study medication twice daily. After this two-week period participants returned to the KU ADC clinical trials unit (CTU) for their first study visit (visit 1; lead-in evaluation). Visit 1 procedures included an assessment of study medication compliance, vital signs, a query for perceived side effects, the Montreal Cognitive Assessment (MoCA), and a 40-ml phlebotomy; the blood was used to measure platelet mitochondria cytochrome oxidase (COX) and citrate synthase (CS) activities. At the completion of this visit, the next two weeks of study medication was dispensed, which uniformly consisted of 10 mg S-equol capsules.
After this second two-week period participants returned to the KU ADC CTU for their second study visit (visit 2; active treatment evaluation). We repeated the same procedures that were performed during the lead-in evaluation and dispensed the next two weeks of study medication, which at this point uniformly consisted of placebo.
After this final two-week period, the participants returned to the KU ADC CTU for their third study visit (visit 3; wash-out evaluation). The lead-in and active treatment evaluation procedures were performed again, which completed participation.
To determine treatment compliance, at relevant visits the difference between the number of capsules remaining in a bottle and the number it originally contained was determined. This difference was assumed to represent the number of capsules consumed, and dividing that value by the number of capsules that should have been consumed generated the compliance percentage. When numerators were lower than denominators (which most likely represents a consequence of missing doses), compliance was calculated to be less than 100%. When numerators exceeded denominators (which most likely represents a consequence of consuming extra doses), compliance was calculated to be more than 100%.
Enzyme activity measurements
Forty ml blood samples were collected in tubes containing acid-citrate-dextrose (ACD) tubes as an anticoagulant, and maintained at room temperature. Within 24 h of phlebotomy, the blood was processed by the KU ADC Mitochondrial Genomics and Metabolism Core. To initiate the processing procedure, platelets were isolated by centrifugation and enriched mitochondrial fractions prepared using previously described methods [16] , which involved nitrogen cavitation to rupture platelets followed by centrifugation to collect mitochondria. The protein concentrations of the enriched mitochondrial fractions were measured using a BCA protein assay kit (BioRad, Hercules, CA).
The raw COX Vmax was determined as a pseudo first order-rate constant (s −1 /mg) by measuring the oxidation of reduced cytochrome c at 550 nm [3, 16] . To correct for inter-sample differences in mitochondrial mass we measured each sample's citrate synthase (CS) Vmax activity (mol/s/mg). The CS assay was performed spectrophotometrically by following the formation of 5-thio-2-nitrobenzoate (412 nm) following the addition of 100 M oxaloacetate at 30 • C [16] . Referencing the COX activity for each sample to its corresponding CS activity generated a final value whose unit was mol −1 .
Outcomes and analysis
We designated an S-equol-associated modification of platelet mitochondria COX activity as our primary measure of interest. To determine whether an S-equol-associated change in platelet mitochondria COX activity occurred for an individual participant, we used all three measures from visits 1-3. Our onesided null hypothesis that S-equol would not increase these measures allowed for an unspecified linear trajectory in COX activity over time (i.e., this trajectory could be increasing, decreasing, or steady over time at the population level). At the time of this trial, such information was unknown but of interest.
To facilitate a small study with limited participants, we utilized an exact binomial test for inference. Specifically, we identified a subject as having increased COX activity, which we labeled as a "positive response," if their visit 2 measure was higher than the average of their visit 1 and 3 measures. While this strategy was similar in many ways to a sign test for a pre-post design, this particular strategy protected against temporal linear trends, as noted above. In other words, it allowed us to take into account that underlying increases in COX activity over time, if such occurred, could bias a simpler pre-post design toward rejecting the null hypothesis, and underlying decreases in COX activity over time, if such occurred, could bias toward accepting the null hypothesis. While randomization of treatment order for a two-time point design alleviates such potential temporal bias, the design selected here also provides increased knowledge with respect to whether such temporal trends exist. Further, when we planned this study the intra-individual variation for COX activity measurements taken even over a short time period was simply not known.
Having all participants receive S-equol enhanced our ability to observe treatment-related adverse events. It also increased the possibility that we would be able to compare APOE categories. All these considerations factored into our decision to collect three measures with an off-on-off (visits 1-3, respectively) design.
Secondary outcomes included a safety analysis of the S-equol 10 mg twice per day dose and an analysis of MoCA scores. Although APOE genotype did not inform subject selection, we also planned a posthoc, secondary analysis of the cognitive and enzyme activity data after stratifying participants by APOE status. These secondary goals were also considered during the design phase of this study when alternative approaches were considered (see discussion).
For the null distribution, we assumed S-equol to be at best entirely inert, and thus our primary measure would produce a response and non-response from any given subject with equal probability (0.5 for each). Under this assumption, the probability of observing 11 or more subjects out of 15 with a response as defined above would be quite rare, and predictably occur with a probability of <0.06. Thus, the type I error rate for this test was constrained to <0.06. If in fact S-equol was not inert and did increase COX activity (i.e., our research hypothesis), then the probability of observing 11 or more subjects with a response (as defined above) was greater than 0.8 (i.e.,>80% power) if that probability was truly 0.8, and if it was only 0.7 for the true probability there was still a greater than 50% chance of rejecting an untrue null of S-equol being inert. Adjustment to a threshold requiring 12 or more to respond dropped the type I error rate to <0.02, and correspondingly decreased the chance of rejecting the null to <0.65 if the true probability was 0.8, and to <0.30 if the true probability was 0.7.
Data derived from continuous measures were summarized by means, standard deviations, and ranges. Continuous measures data between groups or timepoints were compared using linear contrasts from mixed models, which were assessed using residual analyses. Resulting test p-values are reported. Fisher's exact test was used to compare response rates across APOE genotype status.
To assist analyses of the off-on-off treatment enzyme activity and MoCA values for each individual participant, we additionally calculated the percent change between the lead-in and active treatment values and the lead-in and wash-out values for each participant. This allowed us to summarize group offon-off treatment parameters as both absolute values and percent changes.
Design operating characteristics were calculated using RStudio. Statistical analyses were performed using SAS version 9.4.
RESULTS
Sixteen participants enrolled in this study. One participant withdrew after the lead-in visit and before taking their first S-equol pill, as she no longer wished to participate. Data from this participant were not included in any analysis. The other 15 participants completed the study. For these 15 subjects, 8 were APOE4 carriers (7 with an APOE 3/4 genotype, 1 with an APOE 2/4 genotype), and 7 were non-APOE4 carriers (all 7 had an APOE 3/3 genotype). Age means and baseline MoCA score ranges are shown in Table 1 .
No drug-related adverse events occurred during the course of the study. Compliance ranged between 79% and 116%, with a mean compliance of 96.4%. Mean MoCA scores were similar between visits ( Table 2) . As the distribution of MoCA scores between participants was quite variable, in addition to summarizing MoCA scores by means and standard errors, we also calculated for each participant the percent change between their visit 1 and visit 2 scores, as well as the percent change between their visit 1 and visit 3 scores, and plotted the mean percent changes for the total, APOE4 carrier, and APOE4 non-carrier groups (Fig. 1) . While no significant differences between visits were similarly observed with this analysis (p = 0.98), between visit 1 and visit 2, the percent MoCA score changes were in a downward direction for APOE4 carriers, and in an upward direction for APOE4 non-carriers (p = 0.96).
After correcting for the degree of mitochondrial enrichment from each assayed sample by referencing COX activity to CS activity, 11 of the 15 participants were found to have a positive response pattern in which the active treatment COX/CS activity (visit 2) exceeded the average of their lead-in and wash-out measures (from visits 1 and 3) (p < 0.06). Based on our a priori operating characteristics, this outcome directed us to reject the null hypothesis. There were no apparent differences in response across APOE4 carriers and non-carriers, as responders included 6 of the 8 APOE4 carriers (75%) and 5 of the 7 non-APOE4 carriers (71%) (p > 0.99). Figure 2A shows the COX/CS response patterns for all 15 participants who completed the study, and illustrates one of the participants, a non-APOE4 carrier that was counted as a responder, generated COX/CS values that were several-fold higher than the data from the other 14 participants. For this participant, the COX/mg protein data were consistent with that of the other 14 participants, but the CS data were exceptionally low. Low CS measurements in this case were determined to be a consequence of the acetyl CoA stock solution that was included in the CS assay buffer used for that participant's visit 1 assessment. This acetyl CoA stock was used intentionally for the participant's visit 2 and 3 measurements to facilitate inter-visit comparisons. If this protocol violation-subject is excluded from the analysis, 10 of 14 subjects qualify for responder status (p < 0.09) and the primary outcome data remain essentially consistent with a relatively small type I error associated with our decision to reject the null hypothesis. Figure 2B shows the COX/CS pattern for each participant that qualified as a responder, with the exception of the protocol violation non-APOE4 carrier responder. Figure 2C shows the COX/CS pattern for each participant that qualified as a non-responder. For Fig. 2D and E, we calculated for each participant the percent change between their visit 1 and visit 2 scores, as well as the percent change between their visit 1 and visit 3 scores, and plotted the mean percent changes for the total, APOE4 carrier, and APOE4 non-carrier groups. While no significant differences between visits were similarly observed with this analysis, between visit 1 and visit 2 the percent COX/CS change qualitatively rose higher in the non-APOE4 carriers than it did in the APOE4 carriers (p = 0.26 for visit by APOE interaction). General patterns consistent with a possible "wash-out" effect were also apparent. Table 3 summarizes the mean COX/CS values, with and without including the data from the protocol violation participant. No statistically significant differences were observed.
DISCUSSION
S-equol, taken as 10 mg twice daily for two weeks, was associated with a COX activity response pattern (as we defined it a priori) over visits 1-3 in 11 of 15 participants. Excluding the protocol-deviant participant (who showed a positive response pattern) reduces the power of the study and would cause us to miss the pre-specified p < 0.06 statistical cut-off (to p < 0.09), but given the categorical nature of our outcome measure (and subsequent limited number of p-values), a conclusion to reject the null hypothesis could still be argued. Although this study did not show S-equol does or even can enhance platelet mitochondria COX activity in AD patients (or in anyone for that matter), these preliminary data from AD participants are generally consistent with preclinical data that report S-equol may have the ability to enhance COX activity [11] .
Human studies frequently generate aberrant data points and how to handle such data presents challenges. In this study, one participant's COX/CS absolute values were not comparable to those of the other participants because her CS values were on a different scale. Categorical COX/CS off-onoff treatment slope patterns that defined participants as responders or non-responders, not continuous value-determined means, though, informed our primary endpoint. Further, it is certainly not clear, and arguably unlikely, that the different scaling in this case altered the COX/CS off-on-off pattern and the data from this participant still clearly identify her as a responder. We felt, therefore, that it was appropriate not to throw out data from this participant, just as it would arguably have been inappropriate to throw out data from this participant had it alternatively defined her as a non-responder. Nevertheless, we recognize others may decide to interpret this differently. To help others reach their own conclusions, we have openly disclosed and explicitly discussed this protocol violation data point.
To our knowledge this is the first time a direct mitochondrial target engagement biomarker has been featured in an AD therapeutic study. Fluorodeoxyglucose positron emission tomography (FDG PET) has been used as a biomarker endpoint in Fig. 2 . COX/CS response patterns. Units are mole −1 . A) Response patterns for all 15 participants who completed the study are shown. Data from one participant, a non-APOE4 carrier who showed a positive response pattern, are several-fold higher than that of the other 14 participants because of a technical protocol violation. B) Eliminating the protocol violation responder and including only data from the other 10 responders more clearly illustrates the inter-visit changes for the responder participants; APOE4 carrier participants are shown in green, and non-APOE4 carrier participants are shown in red. C) Including only data from the 4 non-responders illustrates the inter-visit changes for each non-responder participant; APOE4 carrier participants are shown in green, and non-APOE4 carrier participants are shown in red. D) The percent change between the visit 1 and visit 2 scores, as well as the visit 1 and visit 3 scores, is shown; the black line includes data from all 15 subjects, the green line includes data from the 8 APOE4 carriers, and the red line includes data from all 7 non-APOE carriers. E) After eliminating the single protocol violation non-APOE carrier the percent change between the visit 1 and visit 2 scores, as well as the visit 1 and visit 3 scores, is shown; n = 14 for the black line, n = 6 for the red line, and n = 8 for the green line.
other AD therapeutic studies [17] , but FDG PET provides only an indirect assessment of mitochondrial function. Magnetic resonance spectroscopy (MRS) similarly has been used to provide biomarker endpoints in AD therapeutic studies [18] , and nacetyl aspartate levels likely relate to mitochondria [19, 20] , but MRS also appears to provide at best indirect insight into mitochondrial function. From a conceptual perspective, functional MRI, which quantifies brain regional deoxyhemoglobin and oxyhemoglobin, may provide an indirect assessment of brain mitochondrial function but it is unclear whether such inferences are reliable at a practical level [21] .
Direct mitochondrial assessments currently require laboratory manipulations of cells or tissues. It is obviously impractical to procure brain samples from living AD subjects. Blood represents an easily procurable tissue, although drug-mediated changes in blood-derived mitochondria does not ensure similar (or indeed any) changes in brain mitochondria have occurred. We recently reported a study in which lymphocyte mitochondria membrane potential values served as a biomarker of mitochondrial target engagement in amyotrophic lateral sclerosis patients treated with rasagiline [22] .
To our further knowledge, this is the first time activity of a respiratory chain enzyme has served as a target engagement biomarker in any therapeutic trial. Study design and procedures, therefore, were forced to take into account the very exploratory nature of this trial. Platelet mitochondria COX activity seemed to represent a reasonable endpoint, as numerous studies have measured COX activity in AD subject platelets and found that, similar to what is observed in brain mitochondria, platelet mitochondria COX Vmax activities are lower than they are in age-matched control subjects [2] .
Reduced platelet mitochondria COX activity has been reported in subjects at various stages of AD, including the mild cognitive impairment stage, and also is reportedly detectable in cognitively normal, middle aged children of AD mothers [16, 23] . It is not clear whether platelet mitochondria COX activity declines in conjunction with AD progression, although in the study of Valla et al. values from MCI and clinical AD subjects, while less than those of agematched control subjects, were comparable [23] . It is not specifically known whether reduced mitochondria COX activity also occurs in megakaryocytes.
In planning this study, we considered that the degree of intra-subject, inter-sample variation between platelet mitochondria obtained from phlebotomies from different days was unknown, as was the amount of S-equol-induced COX activity change to expect. These factors limited our ability to accurately calculate study power based simply on a predicted S-equol-induced change in the COX activity mean. Moreover, previous studies suggest inter-participant COX activity variation does appear to be reasonably high [16] . For these reasons, we used an anticipated pattern of response-informed, dichotomous design to define our primary outcome measure. An added benefit of including the second placebo measurement is that data from this measurement makes it possible for us to now directly address the question of intra-individual variation, which will facilitate the planning of future COX biomarker studies.
In further considering the issue of intra-individual variation, most phlebotomies occurred in the morning and most assays were performed later that same day. Due to the realities of working with human outpatient subjects not everyone, though, underwent phlebotomy at the same time. It is our impression that intra-individual, off-treatment measurement variation increased with more discordant phlebotomy times, although insufficient data are available to render a quantitative conclusion.
Designing this study forced us to make assumptions about platelet mitochondria. We assumed if an S-equol effect on COX activity was to occur, two weeks of treatment would be sufficient to produce it, and two weeks of wash-out would be sufficient for the COX activity to return to baseline. For these assumptions, we considered literature that reports the lifespan of a platelet is approximately two weeks, a time-frame that also estimates the rate of mitochondrial turn-over [24] [25] [26] [27] [28] . We acknowledge, though, that we were and remain uncertain over whether 2 weeks of treatment is adequate for an S-equolinduced increase in COX activity (if such exists) to fully manifest, or whether 2 weeks would allow for a full wash-out of an actual effect. While a longer treatment duration could have offered potential upsides (perhaps generating a bigger effect), the downsides of a longer treatment duration also require consideration. Potential downsides included more dropouts, adverse events, and resource demands. As this was an exploratory study, the potential downsides of treating longer were felt to outweigh the potential upsides.
Secondary outcome measures included safety, cognition, and the relationship of APOE genotype to the cognitive and COX biomarker data. No treatmentrelated adverse events (either serious or non-serious) were ascertained, so it seems reasonable to conclude that S-equol, 10 mg twice daily for two weeks, is welltolerated by AD patients. Regarding cognition, the MoCA is typically used to categorize an individual's status as cognitively impaired versus not cognitively impaired; it was not specifically designed to reveal potentially subtle treatment-related cognitive changes in AD clinical trials [29] . As designed, our study could only have detected profound treatmentmediated improvements (or declines) in cognitive performance. It is perhaps of interest that the slope defined by the MoCA visit 1 and 2 scores projected in the direction of improvement in the APOE4 noncarriers, and in the direction of decline in the APOE4 carriers. While either practice or subtle treatment benefits that primarily impact APOE4 non-carriers could account for this, the ultimate conclusion is that Sequol was not found to benefit cognition in this study. Longer term, larger studies are needed to determine whether S-equol can impact cognition in AD.
APOE status did not have an appreciable impact on the primary outcome measure, as APOE4 carriers and non-carriers showed roughly equivalent proportions of responders and non-responders. The slope defined by the visit 1 and 2 COX/CS activities did trend higher in APOE4 non-carriers than it did in APOE4 carriers, and trends between the visit 2 and 3 measurements could be consistent with a wash-out effect. Based on these data, it is tempting to postulate S-equol may more robustly affect APOE4 non-carrier platelet mitochondria COX/CS activity, but this requires caution as post-hoc analyses of small studies can generate misleading inferences [30] .
Because it is a selective ER␤ agonist, S-equol should share some but not all of estrogen's physiologic effects. Estrogen itself has consistently been shown to influence mitochondrial function although reports of exactly how it influences mitochondria and how this influence manifests are inconsistent. This may reflect the fact that estrogen not only appears to directly affect mitochondrial function, but also to indirectly affect mitochondrial function through other cell effects [7] . Inconsistencies between studies may reflect gross or perhaps even subtle methodologic differences. Relatively recent studies, though, indicate estrogen can promote the expression of mtDNA and nuclear genes that encode mitochondrial proteins [31, 32] , and also increase respiratory chain function [33] . The full extent to which ER␤ agonists recapitulate the effects of estrogen on mitochondria, though, remains unclear.
It is worth pointing out that relative to the rest of the respiratory chain COX excess capacity is substantial [34] . This infers normal and probably minor COX deficits should not limit respiratory flux. Our COX Vmax measurements do not indicate the state of respiratory flux in the subjects we studied. Narrowly interpreted, therefore, our data only suggest S-equol may have altered the platelet mitochondria COX Vmax activity. Our data, while informing a biomarker of target engagement, do not confirm or refute whether this engagement meaningfully alters a critical AD pathology, or whether it should or should not have symptomatic or disease modifying effects.
This study demonstrates the use of a direct mitochondrial target engagement biomarker to inform an AD treatment trial, and that S-equol 10 mg capsules (taken twice daily for two weeks by women with AD) is well-tolerated. While our data do not prove S-equol does or even can enhance platelet mitochondria COX activity in AD patients, our data also do not lead us to accept a null hypothesis that assumes S-equol does not affect platelet mitochondria COX activity.
With many pilot studies, sample sizes are smaller than desired for confirmatory research, and such was the case here as well. We were nevertheless able to estimate operating characteristics under various assumptions that would argue in favor of pursuing future confirmatory studies. Randomized designs with control arms or random-ordered prepost designs can certainly create a higher level of evidence, and estimates produced from the current study's data are guiding the design of a more informative trial.
